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We theoretically study the axial current j5 (defined as the difference between the charge current
with opposite chirality) in doped Weyl semimetal using a Green’s function technique. We show
that the axial current is controlled by the magnetization dynamics in a magnetic insulator attached
to a Weyl semimetal. We find that the induced axial current can be detected by using ferromag-
netic resonance or the inverse spin Hall effect and can be converted into charge current with no
accompanying energy loss. These properties make Weyl semimetal advantageous for application to
low-consumption electronics with new functionality.
PACS numbers: 85.75.-d, 75.47.-m, 72.25.-b
In spintronics, controlling the propagation of the con-
duction electron’s spin is a central issue for wide appli-
cation of low-consumption electronics [1–7]. The flow of
the spin, i.e., spin current, is the difference between the
charge current of up-spin and that of down-spin and does
not accompany any charge current with Joule heating.
This spin current is induced by magnetization dynamics
at the ferromagnetic metal/normal metal junction [1, 2],
and it can be converted into charge current [3–7]. These
properties of spin current are useful for low-consumption
electricity transmission.
Recently, studies of axial current, which is defined as
the difference between the charge current with right-
handed and that with left-handed fermions, have been
revived in the field of quantum chromodynamics [8–14].
A stationary axial current j5 exists in the presence of an
applied static magnetic field [8–16]. This phenomenon is
called the chiral separation effect (CSE) [14]. Its origin
lies in the difference of helicity between right-handed and
left-handed fermions. The helicity γ = σˆ · pˆ indicates the
relative angle between the direction of the spin σˆ and
that of the momentum pˆ of chiral fermions. The helic-
ity of right-handed fermions is γ = +1, whereas that of
left-handed ones is γ = −1, but both spins are parallel to
each other along the applied magnetic field [Fig. 1(a)].
Thus, it is remarkable that charge current vanishes in
the presence of j5 only when the numbers of fermions
with each chirality are zero [8–14], and j5 satisfies the
conservation law ρ˙5 +∇ · j5 = 0, where ρ5 is the axial
charge density. Recently, focus has been on the detection
of the axial current and has relied on heavy-ion collision
experiments [17].
It is noted that there is a similarity between the ax-
ial current and the spin current. Here the axial current
transports without accompanying charge current similar
to the spin current. In fact, the axial current can be de-
composed into counterpropagating charge flow with op-
posite chirality, whose spins are polarized along the ap-
plied magnetic field direction. Therefore, the axial cur-
rent is controlled not only by the static magnetic field
but also by the magnetization dynamics, which is used
to generate spin current in spintronics. Moreover, an
advantage of using the axial current is its conservative
value in contrast to spin current. One can thus expect
new spin transport via the axial current in condensed
matter physics. Recently, a candidate material hosting
Dirac fermions, e.g., Weyl semimetal (WS), has been sug-
gested in condensed matter physics [18–25]. Therefore,
studying the transport properties of WS in the context
of axial current is of interest.
In this Letter, we study the axial current through a
doped WS/magnetic insulator (MI) junction [Fig. 1(b)].
Based on a Green’s function technique, we derive an
analytical formula for the nonequilibrium axial current,
which is induced by the CSE owing to magnetization dy-
namics in the MI. Such a CSE by magnetization dynam-
ics (DCSE) offers the advantage of our being able to con-
trol the magnitude of the axial current by means of ferro-
magnetic resonance and is useful for detecting the axial
current in condensed matter physics. Since the present
nonequilibrium axial current can be transformed into a
charge current, this axial-current-based electronics, ax-
itronics, enables applications for low-consumption elec-
tricity transmission.
FIG. 1: (Color online) (a) Schematic illustration of the chiral
separation effect. When a magnetic field H is applied, right-
handed and left-handed fermions are separated along the H
direction. (b) MI/WS junction with the dynamical chiral sep-
aration effect resulting from the magnetization dynamics M .
(c) Schematic illustration of the energy dispersion of the WS
with time-reversal symmetry breaking and inversion symme-
try. (d) Feynman diagram of charge current from each chiral
sector in the presence of impurity scattering. (e) The vertex
function Λγ (open circle) and the Pauli matrix (closed circle).
2The total Hamiltonian we consider is given by
H = HW +Hex + Vi, (1)
where HW, Hex and Vi express the Hamiltonian of the
conduction electron in doped WS, that of exchange cou-
pling between the localized spin in the MI and the con-
duction electron’s spin in the WS, and that of impurity
scattering in the WS, respectively. HW is decomposed in
each chirality sector as HW =
∑
γ HW,γ , where HW,γ is
given by
HW,γ = ~vF,γ
∑
k
ψ†k,γ [(k − γQ/2) · σˆ]ψk,γ − ǫF. (2)
Here ψk,γ =
t(ψk,γ,↑ψk,γ,↓), and ψ
†
k,γ are the annihilation
and creation operators of the Dirac fermions of each chi-
ral sector γ, respectively (where indices ↑ and ↓ represent
spin), ǫF is the Fermi energy [Fig. 1(c)], and vF,γ = γvF
is the Fermi velocity. We assume that a single pair of
Dirac cones exists in the WS with inversion-symmetry
and time-reversal-symmetry breaking with nonzero Q.
The parameter Q of Eq. (2) denotes the position of the
Weyl node with γQ/2 and its magnitude |Q| is the dis-
tance between two Dirac cones. The second term of Eq.
(1), Hex =
∑
γ=±Hex,γ , is given by
Hex,γ = −Jex
∫
dxS · (ψ†γσˆψγ), (3)
where Jex > 0 is the exchange coupling constant, S =
Sn(x, t) is the classical vector representing the spin
structure, S is its magnitude, and n is the unit vector
representing the direction, respectively. The third term
of Eq. (1), Vi, represents nonmagnetic impurity scatter-
ing, which causes a relaxation time τ of the transport of
conduction electrons in the WS.
In the following calculation, Q is chosen to be paral-
lel to the quantization axis of the localized spin (z axis)
as Q = Qzz and Qz is a constant that is independent
of time. In addition, we incorporate the term propor-
tional to Q in HW,γ into Hex,γ by using the following
transformation: S → S′ = (Sx, Sy, Sz −
~vF
2Jex
Qz). This
transformation enables us to calculate the axial current
rather easily. Then, we assume that the effect of Hex,γ
is weak and can be treated as a perturbation. This con-
dition is satisfied by Jex|S
′|τ/~ ≪ 1 within the diffusive
transport regime.
To consider the axial current created by the DCSE, we
will calculate the current jγ using the above assumptions.
We define the charge current of each chirality sector γ as
jγ = −evF,γ〈ψ
†
γσψγ〉 from the conservation law ρ˙γ =
−∇ · jγ , where ργ ≡ −e〈ψ
†
γψγ〉 is the charge density
of chirality γ. The current is represented by using the
same space and time of lesser Green’s functions G<γ =
〈ψ†γψγ〉/(−i~) as
ji,γ(x, t) = i~evF,γtr[σˆiG
<
γ (x, t : x, t)]. (4)
By using the Fourier transformation, the Dyson equation
of G<γ is given by
G<k,k′,ω,ω′,γ = g
<
k,ω,γδk,k′δω,ω′
−
Jex
V
∑
q,Ω
[gk,ω,γσˆ · S
′
q,ΩGk+q,k′ω+Ω,ω′,γ ]
<, (5)
where V is the system volume and g<k,ω,γ is the Green’s
function of HW,γ including Vi,
grk,ω,γ = [~ω + ǫF − ~vF,γk · σˆ + iη]
−1
. (6)
Here gr(ga) is the retarded (advanced) Green’s function.
η ≡ ~/(2τ) = niu
2
i νe/4 is the self-energy of Vi, where
ni, ui, and νe are the concentration of impurities, the
potential energy of impurities, and the density of states
at ǫF, respectively. jµ,γ is diagrammatically represented
in Fig. 1(d) and is obtained from Eqs. (4)–(6) as
ji,γ =
−i~JexevF,γ
V
∑
q,Ω
e−i(q·x−Ωt)Πij,γ(q,Ω)S
′j
q,Ω, (7)
Πij,γ =
1
V
∑
k,ω
tr[σˆigk− q
2
,ω−Ω
2
,γΛˆj,γgk+ q
2
,ω+Ω
2
,γ ]
<, (8)
where Πij,γ is the spin-spin correlation function and Λˆj,γ
is the vertex function of Vi expressed in Fig. 1(e). The
vertex function is given by
Λˆµ,γ ≡
∞∑
n=0
n∏
ν=0
∑
k1···kn
(niu
2
i )
ν(gkν− q2 ,ω−
Ω
2
,γ)
ν σˆµ(gkν+ q2 ,ω+
Ω
2
,γ)
ν
= [1− Γˆµ,γ ]
−1 = Λµζ,γ σˆζ , (9)
Γˆµ,γ =
1
V
∑
k
niu
2
i gk− q
2
,ω−Ω
2
,γ σˆµgk+ q
2
,ω+Ω
2
,γ = Γµζ,γ σˆζ ,
(10)
where Λµζ,γ and Γµζ,γ are 4 × 4 matrices with indices
µ, ζ = 0, x, y, z. We calculate Πij,γ by using g
<
k,ω,γ =
fω(g
a
k,ω,γ − g
r
k,ω,γ) [26], where fω is the Fermi distribu-
tion function. Now, we only consider the nonequilibrium
component of ji,γ [27]. The dominant contribution is ob-
tained by using ~
ǫFτ
≪ 1, expanding with q/kF ≪ 1 and
Ωτ ≪ 1, and assuming isotropic q as
Πij,γ =
∑
k,ω
(fω+Ω
2
− fω−Ω
2
)tr[σˆig
r
k− q
2
,ω−Ω
2
,γ
Λˆj,γg
a
k+ q
2
,ω+Ω
2
,γ
]
=−
νeΩτ
2~
[
δij −
3
2Dγqiqj
3
2Dγq
2 + iΩ
]
, (11)
where Dγ =
1
3v
2
F,γτ =
1
3v
2
Fτ = D is the diffusion con-
stant. Here Πij,γ gives
ji,γ =
evF,γJexνe
2V
∑
q,Ω
ei(Ωt−q·x)iΩτ
[
δij −
3
2Dγqiqj
3
2Dγq
2 + iΩ
]
Sjq,Ω.
(12)
3The second term in the above equation is determined by
the charge density resulting from the magnetization dy-
namics. ργ is calculated by using Π0j,γ and is expressed
by
ργ =
−evF,γJexνe
2V
∑
q,Ω
ei(Ωt−q·x)
Ωτqj
3
2Dγq
2 + iΩ
Sjq,Ω (13)
= −
1
2
evF,γJexνeτ∇ · ∂t〈S〉D, (14)
where 〈S〉D is defined by the convolution of S and a
diffusive propagation function D [28] given by
〈S〉D ≡
∫ ∞
−∞
dt′
∫
dx′D(x− x′, t− t′)S(x′, t′), (15)
D(x, t) ≡
1
V
∑
q,Ω
e−i(q·x−Ωt)
1
3
2Dγq
2 + iΩ
. (16)
Therefore, we obtain the current
jγ =
evF,γJexνeτ
2
S˙ −
3Dγ
2
∇ργ . (17)
It is noted that, from Eqs. (12) and (13), ργ and jγ
satisfy the conservation law ρ˙γ +∇ · jγ = 0.
Axial current.—Now, we turn to a discussion of the
charge current and the charge density after the summa-
tion over the index of the chirality γ. Since jγ is pro-
portional to the chirality from Eq. (12), the directions of
j+ and j− are opposite to each other. In the same way,
ρ+ becomes ρ+ = −ρ− from Eq. (14). Thus, the total
charge current and density vanish:
j+ + j− = 0,
ρ+ + ρ− = 0.
(18)
However, from Eqs. (14) and (17), the axial current j5 ≡
j+ − j− and the axial charge ρ5 ≡ ρ+ − ρ− are given by
j5 = evFJexνeτ S˙ −
3
2
D∇ρ5, (19)
ρ5 = −evFJexνeτ∇ · ∂t〈S〉D. (20)
This j5 is triggered by the DCSE. We can decompose j5
into a local component jL5 and a nonlocal one j
N
5 with
j5 ≡ j
L
5 + j
N
5 . The first term of Eq. (19) corresponds to
jL5 parallel to S˙ and is induced by the time-dependent
magnetization dynamics S˙. The second term of Eq. (19)
expresses jN5 , which is driven by the spatial gradient of
the axial charge ρ5 and is parallel to its gradient. Here,
ρ5 is triggered by the time and spatial dependence of
the magnetization dynamics, ∇ · ∂t〈S〉D [29]. Here 〈S〉D
expresses the diffusion propagation by random impurity
scattering. From Eq. (20), the DCSE triggers only the
nonlocal component of the axial charge.
We will compare Eq. (17) with the charge current and
the spin generation resulting from the magnetization dy-
namics at the junction of a MI deposited on the surface
FIG. 2: (Color online) (a) Magnetic precessional motion after
the generation of the axial current jL5 in the presence of the
applied magnetic field Hz||z and ac magnetic field Hm ⊥
z. The local axial current jL5 triggers spin torque (∝ M ×
jL5 ), which prevents the damping (∝ M × ∂tM). (b) The
induced torque can be detected from the half-width value of
the permeability χ depending on Hz/Hr at the resonance
frequency, where Hr is the resonance magnetic field and αG
is the Gilbert constant.
of a topological insulator (TI). Then, the charge current
stemming from each chirality owing to magnetization dy-
namics becomes jγ ∝ vF,γS˙ [30–32]. This current is pro-
portional to each chirality. Although jγ is proportional
to γ similarly to that in Eq. (17), there is no summa-
tion of helicity index γ on the surface of the TI that is
different from that of the WS. On one side of the surface
of the TI, only the Dirac cone with right- or left-handed
chirality exists, whereas, in the bulk of the WS, there are
Dirac cones with both chiralities [33].
Detection of jL5 .—First, we consider the magnetization
dynamics after the generation of j5. j5 can be interpreted
as the total spin s = j5/(−2evF) in the WS, because of
spin-momentum locking. Therefore, j5 like s plays the
role of an exchange field acting on the magnetization.
The exchange field b ≡ − 1
~gµB
δH
δS
is given by
b = −
Jex
2egµBvF
j5. (21)
The magnetization dynamics caused by b is obtained
from the Landau–Lifshitz–Gilbert equation [34, 35],
which is given by
M˙ =
gµB
~
µH ×M +
αG
M
M × M˙ + T e, (22)
where M = −gµBS/a
3 is the magnetization, g is the
Lande´ factor, µB is the Bohr magneton, a is the lat-
tice constant, µ is permeability, H is the applied mag-
netic field, αG is Gilbert damping representing relaxation
of the magnetization dynamics, and T e is the torque of
conduction electron spin s, the so-called spin torque [35].
From Eqs. (19) and (20), this torque T e =
gµB
~
b×M =
Jex
2evF
(M × jL5 +M × j
N
5 ) is given by
T e = −
J2exνeτS
~M
[
M × M˙ +
3
2
DM ×∇ (∇ · ∂t〈M〉D)
]
.
(23)
4FIG. 3: (Color online) Geometry for detections of the non-
local axial current jN5 at the MI/WS/NM junction. j
N
5 is
triggered by time-dependent magnetization dynamics, such
as a spin wave propagating along the x axis. This jN5 ||x,
which is interpreted as spin sN||x, propagates isotropically
and accumulates at the edge of the WS.
The first term of Eq. (23) corresponds to M × jL5 and
shows that the torque due toM×jL5 suppresses the relax-
ation of the magnetization dynamics [Fig. 2(a)] from Eq.
(22). The second term of Eq. (23) is caused byM × jN5 ;
its direction is perpendicular to M and ∇[∇ · ∂t〈M〉D],
which depends on the magnetic structure. From Eqs.
(22) and (23), the torqueM × jL5 can be detected by us-
ing magnetic resonance before and after the generation
of jL5 , since the damping coefficient αG is experimentally
estimated from the half-width value of the permeability
at magnetic resonance [34, 36]. For example, we simply
apply an external magnetic field H = Hzz and an ac
magnetic field Hm ⊥ z at the resonance frequency ω0 in
the MI, whose M is spatially uniform as shown in Fig.
2(a). Then, jN5 ∝∇[∇ ·∂t〈M〉D] is zero[37] and j5 = j
L
5
is induced at the interface between the MI and the WS.
As a result, when Hz is equal to the resonant magnetic
field Hr, the half-width value ∆(Hz) [Fig. 2(b)] becomes
∆(Hz/Hr = 1) = 2ω0
(
αG − J
2
exνeτS/~
)
. (24)
This equation means that before and after the gener-
ation of jL5 , the half-width value changes from 2ω0αG
by 2ω0J
2
exνeτS/~, which is caused by the presence of
jL5 from Eqs. (22) and (23). When we chose the pa-
rameters Jex/ǫF = 0.01, τ = 6 × 10
−14 s, ǫFνe = 1,
and S = 5/2, the change in damping is estimated as
J2exνeτS/~ ∼ 2 × 10
−3. The order of αG is reported
as 10−3 in magnetic metals [36] and 10−5 in MIs [4].
Therefore, the change of the half-width value should be
measurable by ∆(Hz/Hr).
Detection of jN5 .—Next, we discuss an experimental
method for the detection of the nonlocal part of the ax-
ial current jN5 from the diffusion equation. We do not
consider the contribution from jL5 . The diffusion equa-
tion is given by Eqs. (15), (16), and (19) as [38]
(∂t −
3
2
D∇2)jN5 = −
3evFJexνea
3
2gµB
D∇(∇ · M˙). (25)
This equation shows that jN5 produced by the source
term D∇(∇ · M˙) isotropically propagates. This jN5 can
be interpreted as the conduction electron’s spin sN with
sN = jN5 /(−2evF). Then, Eq. (25) is regarded as a dif-
fusive equation with spin. From this equation, we find
that sN ∝ jN5 accumulates at the edge of the sample
and its accumulation can be electrically detected at the
MI/WS/normal metal (NM) junction (Fig. 3) by using
the method established in spintronics [3–7]. For example,
we assume that M in the MI has a spatial dependence
only along the x axis and that the NM has a spin-orbit
interaction. Then, ∇(∇ · M˙) is parallel to the x axis
and triggers sN||x. The induced spin sN||x is isotrop-
ically propagating and accumulating at the edge of the
WS. The accumulated spin can be sinked into the NM
along the z axis [3–7] (flow of spin Is||z and s
N||x) and
is converted into charge current j ∝ sN × Is parallel to
the −y axis through the inverse spin Hall effect [3–7].
We notice that jN5 propagates without any accompany-
ing charge current [see Eq. (18)] and functions similarly
to the spin current [39]. However, in contrast to spin cur-
rent, the axial current is a conservative quantity. Thus,
we expect that jN5 is useful for detection of the axial cur-
rent electrically and for application to low-consumption
electricity transmission.
Gauge invariance.—We find that j5 and ρ5 are propor-
tional to S˙ from Eqs. (19) and (20) because of the gauge
invariance in the WS. Owing to spin-momentum locking,
S plays a role like the electromagnetic vector potential
as HW,γ+Hex,γ ∝ σ ·(k−
e
~
Aγ), where the vector poten-
tialAγ = JexS/(evF,γ) is conjugate to jγ . Therefore, the
observable quantity should be proportional to the gauge
invariant form as −∂tAγ ≡ Eγ or ∇ ×Aγ ≡ Bγ . The
axial current and charge are induced by an effective elec-
tric field Eγ and ∇ · 〈Eγ〉D, respectively, as shown from
Eqs. (19) and (20).
In conclusion, we studied the nonequilibrium axial cur-
rent density j5 and axial charge density ρ5 based on a
Green’s function technique at the MI/doped WS junc-
tion. We find that the DCSE drives the axial current by
time-dependent magnetization dynamics, S˙, as expected
from the gauge invariance of S. The axial current can be
decomposed into local and nonlocal ones. Based on our
results, we discuss a procedure for the detection of the
local and nonlocal axial current by using magnetic reso-
nance and the inverse spin Hall effect, respectively. The
DCSE induces j5 with no accompanying charge trans-
port, and j5 can be converted into charge current at
the MI/WS/NM junction. These properties of j5 can
be useful for the application of WS to low-consumption
electronics. Thus, the present letter has explored a new
area of axial-current-based electronics, axitronics.
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